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bY 

John L. Shideler, James Wayne Sawyer, 

Max L. Rlosser, and G r a n v i l l e  L.  Webb 

SUMMARY 

A t i t a n i u m  mul t iwa l l / reusah le  surface i n s u l a t i o n  (MW/RSI) TPS concept 

designed t o  prevent l o c a l  eros ion of  the RSI  t i l e s  on the upper surface o f  the 

Space S h u t t l e  O r b i t e r  body f l a p  was invest igated.  The concept, which consis ted 

o f  a combination o f  a t i t a n i u m  m u l t i w a l l  t i l e  and an R S I  t i l e ,  was evaluated by 

thermal ana lys is  and s t r u c t u r a l  and thermal t e s t i n g  o f  one c o n f i g u r a t i o n  t o  

assess the attachment scheme and thermal behavior. Resul ts  i n d i c a t e  t h a t  the  

MW/KSI concept w i l l  remain attached t o  the  veh ic le  and provide the thermal 

p r o t e c t  i o n  requi  red  . 

INTRODUCTION 

Two l o c a l i z e d  areas on the upper p o r t i o n  of the  Space Shut t le  body f l a p  

have experienced erosion-type damage t o  the  L I - 9 0 0  Reusable Surface I n s u l a t i o n  

( R S I ) .  

f i r i n g  vern ie r  engines located h igh on the a f t  fuselage erode the f r a g i l e  

surface o f  the R S I .  

It i s  suspected t h a t  impingement o f  exhaust gases from two downward 



A po ten t i a l  s o l u t i o n  t o  the eros ion problem i s  the use of t i t a n i u m  

m u l t i w a l l  (M/W) t o  p rov ide  a more durable Thermal P ro tec t i on  System (TPS) 

surface. The m l t i w a l l  concept was developed ( re fs .  1-3) t o  be at tached 

d i r e c t l y  t o  the veh ic le  sk in  us ing mechanical fasteners.  However, i n  the  J 

a p p l i c a t i o n  o f  M/W as a p o t e n t i a l  s o l u t i o n  o f  the  eros ion problem, the  S h u t t l e  

program required t h a t  the m u l t i w a l l  t i l e  be bonded t o  an R S I  t i l e  which i n  t u r n  

would be bonded t o  the  veh ic le  skin. Th is  requirement makes i t  necessary t o  

. 

bond a s t r a i n  i s o l a t i o n  pad (SIP) between the m u l t i w a l l  t i l e  and the R S I  t i l e  

as we l l  as between the  R S I  t i l e  and the veh ic le  sk in  t o  p r o t e c t  the f r a g i l e  

LI-900 mater ia l  from d i f f e r e n t i a l  thermal s t ra ins .  A sketch o f  the t i t a n i u m  

mu l t iwa l l /KS I  (MW/RSI)concept i s  shown i n  f i g u r e  1. 

I n  the  present study, the attachment scheme and thermal performance o f  t h e  

MW/RSI concept was evaluated. The eva lua t ion  inc luded thermal ana lys is  o f  the 

MW/RSI concept w i t h  two-, three-, and four - layers  o f  dimpled sheet bonded t o  

t h e  R S I  and included thermal and s t r u c t u r a l  t e s t s  o f  the  concept w i t h  four  

dimpled layers.  This repo r t  presents the r e s u l t s  o f  the evaluat ion.  

THERMAL ANALYSIS 

Three ana ly t i ca l  models and the t e s t  model are shown schemat ica l ly  i n  

f i g u r e  2. 

ana lys is  program ( r e f s .  4 and 5). 

These models were thermal ly  analyzed us ing the  SPAR f i n i t e  element 

The purpose o f  the ana lys is  was t o  determine 

i f  thermal c h a r a c t e r i s t i c s  o f  the MW/RSI concept would prevent the aluminum 

s t r u c t u r e  beneath the TPS from exceeding 350°F and would a lso  prevent the 

Multiwall-RTV-SIP (MW/RTV/SIP) bond l i n e  from exceeding 55OOF. 

. 
a 
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The thicknesses o f  t h e  m u l t i w a l l  and RSI were var ied  i n  the  th ree  

a n a l y t i c a l  models so t h a t  the t o t a l  TPS th ickness was held constant a t  1.24 

inches which i s  a nominal th ickness o f  e x i s t i n g  TPS on the Space S h u t t l e  i n  the 

reg ion o f  i n t e r e s t  on t h e  upper body f lap .  The thermal mass o f  the  Space 

S h u t t l e  i n  t h i s  region was represented by an aluminum sheet w i t h  a th ickness o f  

0.093 inch. 

The t e s t  model was thermal ly  analyzed t o  o b t a i n  temperatures t o  compare 

w i t h  t e s t  data. The m u l t i w a l l  and R S I  f o r  the t e s t  model were obtained from 

a v a i l a b l e  components, and the  thicknesses were d i f f e r e n t  from t h e  thicknesses 

f o r  the three a n a l y t i c a l  models. 

I n  t h e  thermal analysis,  the  outer surface o f  each model was subjected t o  

the temperature h i s t o r i e s  shown i n  f i g u r e  3. The nodes i n  each model were 

connected by two-node conduction elements (K21) . The values o f  thermal 

c o n d u c t i v i t y  used i n  the  ana lys is  f o r  t i t a n i u m  m u l t i w a l l ,  RSI, and aluminum are 

taken from references 6-8 and are given as a f u n c t i o n  of temperature i n  t a b l e  

1. The surface temperature h i s t o r y  ( 1000°F maximum) i s  representa t ive  o f  t h e  

ascent temperatures experienced on the upper body f l a p  i n  t h e  reg ion o f  concern 

and i s  more severe than the  temperature h i s t o r y  experienced dur ing  en t ry .  

Consequently, t h i s  ascent temperature h i s t o r y  determines t h e  minimum TPS 

requirement a t  t h i s  loca t ion .  An adiabat ic  wal l  was assumed t o  be loca ted  

beneath the  aluminum sheet . This assumption i s  genera l ly  conservat ive s ince 

usual ly ,  on a vehic le,  some heat loss t o  a d d i t i o n a l  s t r u c t u r e  o r  t o  t h e  

opposi te  s ide of t h e  fuselage w i l l  occur. 

FABRICATION 

Dimensions o f  the MW/RSI t e s t  specimen are given i n  f i g u r e  4. The specimen 

was composed o f  a 0.68 inch t h i c k  t i t a n i u m  m u l t i w a l l  t i l e ,  a l a y e r  o f  0.160 
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i nch  t h i c k  SIP, a 0.40 i n c h  t h i c k  LI-900 R S I  t i l e ,  another l a y e r  o f  0.160 inch 

t h i c k  SIP,  and an 0.5 i nch  t h i c k  aluminum p la te .  

specimen were 6 by 6 inches. 

and t h e  m u l t i w a l l  t i l e  by RTV-560 adhesive using t h e  same adhesive th icknesses 

and bonding procedures as used on the  Shut t le .  

obtained from the S h u t t l e  product ion l i n e .  The m u l t i w a l l  t i l e  was cut  from an 

e x i s t i n g  12 i n c h  by 12 inch  panel t h a t  had been p r e v i o u s l y  exposed t o  a surface 

temperature of 1000°F f o r  20 hours. The m u l t i w a l l  t i l e  was f a b r i c a t e d  us ing 

L i q u i d  I n t e r f a c e  D i f f u s i o n  (LID) bonding, descr ibed i n  reference 9, and was 

composed o f  4 dimpled t i t a n i u m  sheets 0.003 inch t h i c k ,  3 i n t e r i o r  f l a t  

t i t a n i u m  sheets 0.0015 inch t h i c k ,  an outer t i t a n i u m  sheet 0.004 inch  t h i c k ,  

and an inner  t i t a n i u m  sheet 0.003 inch t h i c k .  The LID bond contact  po in ts  were 

0.075 inch i n  diameter. A photo o f  the t e s t  specimen components p a r t i a l l y  

assembled i s  shown i n  f i g u r e  5. The assembled t e s t  specimen i s  shown i n  f i g u r e  

6. 

Planform dimensions o f  the  

The S I P  was bonded t o  the  baseplate, RSI t i l e ,  

The S I P  and R S I  t i l e  were 

The t e s t  specimen approximates the dimensions o f  the  p o t e n t i a l  t i l e  

a p p l i c a t i o n  except f o r  the  th ickness o f  the aluminum p l a t e  which was 0.5 inch 

t o  accomodate attachment t o  a t e n s i l e  t e s t  machine. The f l a t w i s e  t e n s i l e  

s t rength  o f  the  t e s t  specimen i s  expected t o  be lower than t h a t  for  the present 

LI-900 t i l e s  because only  one s ide o f  the R S I  t i l e  i n  the  t e s t  specimen was 

dens i f ied  before being bonded t o  the  SIP. Thus, the  t i l e  w i l l  have a much 

lower s t rength  a t  the  SIP/undensi f ied t i l e  i n t e r f a c e  as discussed i n  re ference 

10 . 
Two thermocouples were i n s t a l l e d  on each o f  the  inner  and outer  cover 

sheets of the m u l t i w a l l  t i l e  and on the  bottom o f  the aluminum baseplate. The 

thermocouples were pos i t ioned on the  t i l e  as i n d i c a t e d  i n  f i g u r e  4. They were 
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attached t o  the m u l t i w a l l  t i l e  by spotwelding the bead formed by the junc ture  

of the  two leads t o  the  cover sheet. The thermocouples were i n s t a l l e d  on t h e  

aluminum baseplate by d r i l l i n g  a shallow ho le  i n  the  baseplate and p o t t i n g  the 

thermocouple bead i n  the hole w i t h  EA 934 epoxy. 

TESTS 

The t e s t  specimen was subjected t o  t h e  thermal and bond v e r i f i c a t i o n  t e s t s  

i n d i c a t e d  i n  t a b l e  11. The purposes o f  the thermal t e s t s  were t o  evaluate the 

thermal response of the MW/RSI concept t o  the  s imulated S h u t t l e  thermal 

env i  roninent and t o  generate data for  comparison w i t h  t h e  one-dimensi onal 

thermal ana lys is  o f  the system. A f t e r  an i n i t i a l  bond v e r i f i c a t i o n  t e s t  t o  

determine i f  the specimen was proper ly bonded, the  model was subjected t o  f i v e  

thermal cyc les w i t h  a maximum temperature of 1000°F, an i n t e r i m  bond 

v e r i f i c a t i o n  t e s t ,  and two over-temperature cycles w i t h  a maximum temperature 

o f  1200'F. A f t e r  the thermal tes ts ,  a bond v e r i f i c a t i o n  t e s t  was conducted t o  

v e r i f y  t h a t  the  t i l e  system had not become unbonded. 

p u l l e d  t o  f a i l u r e .  

The specimen was then 

Thermal Tests 

A s i n g l e  bank o f  10-inch long, 2000 w a t t  quartz tube lamps was used t o  

apply t h e  temperature h i s t o r y  shown i n  f i g u r e  3 t o  the  surface of the  t e s t  spe- 

cimen. The lamps were attached t o  a water-cooled, go ld-p la ted r e f l e c t o r  w i t h  a 

0.75 inch  spacing between f i laments.  As shown i n  f i g u r e  7, t h e  specimen 
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res ted  on, and was surrounded by, Glasrock i n s u l a t i o n .  F igure  8 shows the t e s t  

set-up w i t h  two sides o f  the Glasrock removed t o  expose the specimen. 

i n s u l a t i o n  (Q- f i be r  f e l t )  was placed around the  per imeter  o f  the  m u l t i w a l l  t o  

prevent convection cur ren ts  from occur r ing  a t  the edges. 

no t  have close-outs s ince i t  was cu t  from a l a r g e r  panel) .  

the center  t op  surface was used t o  prov ide a feedback s igna l  t o  an analog 

c o n t r o l l e r  which c o n t r o l  l e d  the  sur face temperature. Temperatures a t  the 

surface, the  MW/KTV/SIP i n te r face ,  and the bottom o f  the aluminum p l a t e  were 

recorded on a mult i -channel  analog s t r i p  char t .  

F ibrous 

(The m u l t i w a l l  d i d  

The thermocouple on 

Bond V e r i f i c a t i o n  Tests 

A h y d r a u l i c a l l y  actuated un iversa l  t e s t  machine was used f o r  the  bond v e r i -  

f i c a t i o n  tes ts .  A photograph o f  the t e s t  specimen dur ing  a bond v e r i f i c a t i o n  

t e s t  i s  shown i n  f i g u r e  9. The aluminum p l a t e  o f  the specimen assembly was 

bo l ted  t o  a baseplate which was i n  t u r n  attached t o  the  hyd rau l i c  ram of t he  

t e s t  machine. 

o f  the machine through a vacuum chuck, swivel ,  and load c e l l .  The vacuum chuck 

consis ted o f  a f l a t  aluminum p l a t e  w i t h  a rubber seal around the  edge of the 

p la te .  The chuck was attached t o  the  m u l t i w a l l  by a vacuum over a planform 

area o f  approximately 25 square inches. Three l i n e a r  displacement t ransducers 

(def lectometers) were at tached t o  the base p l a t e  t o  measure the  d e f l e c t i o n  a t  3 

corners of t he  top surface o f  the m u l t i w a l l .  The output from the  

def lectometers and the load c e l l  were recorded us ing an analog X-Y recorder.  

The top  o f  the m u l t i w a l l  surface was at tached t o  the crosshead 

# 

The specimen assembly was mounted i n  the  t e s t  machine, the  vacuum chuck was 

attached, and the def lectometers were i n s t a l l e d .  A t e n s i l e  load was s lowly  
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app l ied  t o  the top  of the m u l t i w a l l  u n t i l  the bond j o i n t s  were subjected t o  an 

average t e n s i l e  s t ress  o f  10 ps i ,  and then the load was s lowly  removed. I n  

some cases (see next sec t ion) ,  the  vacuum seal was not maintained because o f  

the  f l e x i b i l i t y  o f  the  0.004 inch  th i ck  top  surface o f  the  m u l t i w a l l ,  and 

separat ion o f  the vaciium chuck from the t e s t  specimen stopped the  t e s t  a t  an 

average s t ress  i n  the bond j o i n t s  s l i g h t l y  less  than 10 ps i .  The t e s t  specimen 

was not  subjected t o  a compression load. 

RESULTS AND DISCUSSION 

Surface temperatures and the  temperatures o f  the MW/RTV/SIP bondl i n e  from 

the  thermal t e s t s  are shown i n  Figure 10. The f i g u r e  inc ludes the s c a t t e r  o f  

r e s u l t s  from a l l  seven t e s t s  and shows t h a t ,  even f o r  t he  over-temperature 

case, the bondl ine temperature reached only  390OF. This temperature i s  w e l l  

below the  a l lowable 55OOF. The e f f e c t  o f  the  0.5-inch aluminum p l a t e  on the 

bondl i n e  temperature o f  the m u l t i w a l l  was considered n e g l i g i b l e  s ince the  

maximum change i n  temperature o f  t he  aluminum was on ly  about 14OF. 

The measured bondl ine temperatures shown i n  F igure lO(a)  are compared 

p red ic ted  temperatures from the thermal ana lys is  i n  F igure l l ( a ) .  The 

pred ic ted  temperatures were obtained from the one-dimensional thermal ana 

discussed prev ious ly .  The lower measured temperatures (345OF compared t o  

f o r  the  ana lys i s )  are a t t r i b u t e d  t o  heat l oss  from the edges o f  the model 

w i t h  

y s i  s 

414OF 

and 

t o  a nonuni formi ty  o f  rad ian t  heat ing from the  center  t o  the  t e s t  specimen 

edge. Consequently, the a n a l y t i c a l l y  determined temperatures would be l ess  if 

a two-dimensional ana lys is  were used i n  which heat losses and the  nonuniform 

sur face heat ing  were taken i n t o  account. Thus, the  r e s u l t s  i n d i c a t e  t h a t  t h e  

one-dimensional ana lys is  conservat ive ly  p r e d i c t s  too  h igh  a bondl i n e  
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temperature f o r  the t e s t  model. However, t h i s  conservat ism may be small i n  

actua l  app l i ca t i on  on a veh ic le  where l a t e r a l  heat losses and nonuniform 

heat ing  are l i k e l y  t o  be small . 
i n  f i g u r e  l l ( b ) .  The maximum bondl ine temperatures f o r  the  two-, three-,  and 

four - layer  designs were 507"F, 433OF, and 374OF, respec t ive ly .  Thus, a l l  th ree  

of the p o t e n t i a l  designs meet the requirement of p revent ing  the  h o t t e r  bondl ine 

temperature from exceeding the a1 1 owable 55OOF. 

The pred ic ted  bondl ine temperatures are shown 

I 

Ana ly t i ca l  r e s u l t s  f o r  the over-temperature c o n d i t i o n  i n d i c a t e  t h a t  t h e  

maximum temperature o f  the MW/KTV/SIP bondl ine f o r  t he  two-, three-,  and 

four- layer  designs were 642"F, 532OF, and 467OF, respec t i ve l y .  Thus, wh i l e  t h e  

th ree- layer  and four - layer  designs are acceptable, t he  two- layer  design does 

not  meet the  thermal requirements f o r  t he  over-temperature case. The maximum 

temperatures o f  the 0.093 i nch - th i ck  aluminum represent ing  the  s h u t t l e  

s t r u c t u r e  were ca lcu la ted  t o  be we l l  below the  35OOF a l lowab le  f o r  a l l  cases. 

I 

As prev ious ly  mentioned, the  t e s t  specimen was subjected t o  bond 

v e r i f i c a t i o n  t e s t s  before, dur ing,  and a f t e r  t he  thermal t e s t s .  I n  the  f i r s t  

t e s t  (Test 1 ,  Table 11), a 10 ps i  f l a t w i s e  tens ion  s t ress  was appl ied,  but as 

p rev ious ly  discussed, d i f f i c u l t y  w i t h  the  vacuum chuck 1 i m i  t ed  the  subsequent 

t e s t s  t o  about 8 psi .  To complete the f a i l u r e  t e s t ,  a 0.5 i nch  t h i c k  aluminum 

load ing  p l a t e  was bonded t o  the m u l t i w a l l  surface. I n  the  f a i l u r e  t e s t ,  the 

specimen f a i l e d  at  13.7 ps i  a t  the S IP /RTV/RSI  bond j o i n t  where the  RSI was not 

densi f ied.  Thus the f a i l u r e  t e s t  shows t h a t  t he  MW/RTV/SIP j o i n t  and the  

m u l t i w a l l  i t s e l f ,  which had prev ious ly  been exposed t o  a surface temperature o f  

1000°F for  20 hours, w i l l  ca r r y  13.7 ps i .  (Previous f l a t w i s e  tens ion  t e s t  

r e s u l t s  fo r  t i t a n i u m  m u l t i w a l l  given i n  re ference 6 i n d i c a t e  an average 28 ps i  

8 
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f a i l u r e  s t ress  f o r  new t i t a n i u m  mu l t iwa l l  specimens and 12.3 ps i  f o r  specimens 

exposed t o  1000°F for  25 hours.) 

The load -de f lec t i on  curves obtained from the f i r s t  and l a s t  f l a t w i s e  

tens ion  bond v e r i f i c a t i o n  t e s t s  are shown i n  F igure 12. The g rea te r  

d e f l e c t i o n s  t h a t  occurred dur ing  the  l a s t  t e s t  (Test 10) are a t t r i b u t e d  t o  

changes i n  the s t i f f n e s s  p roper t i es  o f  the SIP mater ia l  as i t  i s  loaded and 

unloaded. This change has been documented, and i t s  importance i n  a f f e c t i n g  

miss ion l i f e  o f  the  K S I  i n s u l a t i o n  system has been i d e n t i f i e d  ( re f .  11). The 

d i f f e r e n c e  i n  the  d e f l e c t i o n s  shown i n  F igure 12 i s  cons is ten t  w i t h  t h a t  

i d e n t i f i e d  f o r  S I P  i n  reference 10. 

CONCLUSIONS 

A MW/RSI TPS concept designed t o  prevent l o c a l i z e d  eros ion o f  the  R S I  t i l e s  

on the  upper sur face o f  t he  Space Shut t le  O r b i t e r  body f l a p  consis ted o f  a 

combination o f  a t i t a n i u m  m u l t i w a l l  t i l e  and an RSI t i l e .  The design, which 

was const ra ined t o  a t o t a l  th ickness o f  1.24 inches and exposed t o  a S h u t t l e  

boost thermal cyc le  w i t h  a maximum temperature o f  1000°F, was evaluated by 

thermal ana lys is  o f  several  con f igura t ions  o f  the concept and by s t r u c t u r a l  and 

thermal t e s t i n g  o f  one con f igu ra t i on  t o  assess the attachment scheme and 

thermal behavior. 

One-dimensional thermal analyses o f  the  desiyn showed t h a t  the  adhesive 

temperature a t  the MW/RTV/SIP bond l i n e  i s  l i m i t e d  t o  374°F f o r  a four -  

d impled- layer conf igurat ion,  433OF f o r  a three-dimpled- layer con f igu ra t i on ,  and 

507OF for  a two-dimpled-layer conf iguraton. Thus, a l l  th ree  con f igu ra t i ons  are 
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acceptable i n  tha t  they do not  exceed 550°F which i s  considered a conservat ive 

upper temperature l i m i t  o r  the RTV bond l i n e .  

measured temperatures fo r  a four-dimpled- layer c o n f i g u r a t i o n  subjected t o  f i v e  

representa t ive  thermal cyc les w i t h  a maximum temperature o f  1000°F f u r t h e r  

i nd i ca tes  t h a t  a l l  th ree  con f igu ra t i ons  are the rma l l y  acceptable. 

Comparison o f  ca l cu la ted  and 

F la tw ise  tens ion t e s t s  o f  the MW/RSI t i l e  a f t e r  thermal cyc les showed an 

average s t ress  o f  13.7 ps i  before f a i l u r e  occurred a t  a R S I - S I P  bond l i n e .  

Since the  R S I  was not  dens i f i ed  on the sur face where the  f a i l u r e  occurred, even 

1 arger  f l  a tw i  se tens ion s t rengths woul d be expected f o r  the  actual  appl i c a t i o n  

where the  R S I  surfaces are densi f ied.  (Based on small coupon tes ts ,  t he  

f l a t w i s e  tens ion s t rength  o f  t i t a n i u m  m u l t i w a l l  i s  28 psi.) 

Therefore, the r e s u l t s  from these t e s t s  and analyses i n d i c a t e  t h a t  t h e  

proposed HW/RSI concept w i l l  remain at tached t o  the  veh ic le  and prov ide  t h e  

thermal p ro tec t i on  required. 
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TEST 
NO. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

TABLE I 1  - H is to ry  o f  Thermal and Bond V e r i f i c a t i o n  Tests 

TYPE TEST 

Bond Veri f i c a t i o n  

Thermal Cycle 

Therma 1 Cyc 1 e 

Thermal Cycle 

Therma 1 Cyc 1 e 

Thermal Cycle 

Bond Veri f i c a t i  on 

Thermal Cycle 

The rma 1 Cyc 1 e 

Bond Veri f i c a t  i on 

P u l l  t o  F a i l u r e  

MAX IMUM 
TEST 

CONDITION 

10 ps i  

1000" F 

1000°F 

1000°F 

1000°F 

1000°F 

8.2 ps i  

1200°F 

1200°F 

8.1 ps i  

13.7 p s i  

REMARKS 

Successful 

Successful 

Successful 

Successful 

Successful 

Successful 

Vacuum Seal Broke 

Successful 

Successfu 1 

Vacuum Seal Broke 

R S I - S I P  Bond F a i l u r e  
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